Data cannot be shared publicly because this was not explicitly requested in the volunteer consent. Data are available from the corresponding author or from the Clinical Research Facility at Wythenshawe Hospital (email <angela.kelsall@mft.nhs.uk>), and would be made available following application and approval from Lancaster NHS Research Ethics Committee.

Introduction {#sec005}
============

Multiple breath washout (MBW) is now a well-researched technique to assess lung physiology. Supported by international guidelines, it has been used as an endpoint in therapeutic trials and is now being measured for clinical use in a handful of specialist units\[[@pone.0229300.ref001]--[@pone.0229300.ref005]\]. Most of the clinical and research use of MBW has been in the field of cystic fibrosis (CF) with lung clearance index (LCI) being the best described derived outcome\[[@pone.0229300.ref006]\]. There are particular perceived advantages of using LCI over the more traditional FEV~1~ in the CF population: it appears to be highly sensitive to early disease\[[@pone.0229300.ref007]\], is reproducible\[[@pone.0229300.ref008]\], and is sensitive to clinically meaningful changes\[[@pone.0229300.ref009], [@pone.0229300.ref010]\].

An important characteristic noted in early research of LCI was that it appeared to have a stable upper limit of normal in younger patients\[[@pone.0229300.ref011], [@pone.0229300.ref012]\]. A stable range of normal means that any disease-related change over time can easily be identified. The evolution of the technique however has revealed that different systems produce different measures of LCI and functional residual capacity (FRC) due to differences in tracer gas (e.g. nitrogen or sulphur hexafluoride (SF~6~)) \[[@pone.0229300.ref013], [@pone.0229300.ref014]\] as well as more subtle changes in equipment deadspace\[[@pone.0229300.ref015]\], gas analyser response time and signal alignment \[[@pone.0229300.ref016], [@pone.0229300.ref017]\]. Studies in older adults using nitrogen washout have also indicated that, along with other markers of lung function and airway elasticity, there is an age-related increase in markers of ventilation heterogeneity, including nitrogen-LCI\[[@pone.0229300.ref018], [@pone.0229300.ref019]\].

One of the major factors limiting the wider adoption of LCI is the time taken to complete a test. The final result is derived from an average of three repeated tests, and additional tests may be required in younger subjects or in case of poor quality tests in order to produce repeatable results. Longer physiology testing times disrupt clinic scheduling and may not be tolerated by younger children. When researchers tried to limit the test time to 20 minutes using nitrogen washout in children with CF too few children obtained successful results, with the required minimum of two or more repeats achieved in only 40% of participants\[[@pone.0229300.ref020]\]. To enable the wider clinical adoption of LCI would require reduction in time taken to perform the test and increased flexibility in where testing occurs. Closed circuit wash-in methodologies could achieve these outcomes and for that reason our centre has developed and refined this methodology. This involves the wash-in of tracer gas from a sealed bag of air enriched with O~2~ and SF~6~ \[[@pone.0229300.ref021]\], enabling a higher concentration of tracer gas (SF~6~) to be drawn into the lungs at the start of wash-in. The final mixed alveolar SF~6~ concentration is therefore reached more quickly than with a conventional open circuit wash-in \[[@pone.0229300.ref021], [@pone.0229300.ref022]\]. Since the O~2~/SF~6~ mix is supplied from a small cylinder within the device, the system is portable and can be mounted on a medical cart with its own battery power supply. This enables it to be taken to patients in hospital, and opens the possibility of performing measurements in community settings.

The Innocor^™^ analyser has been available to measure LCI for over a decade, but the closed circuit system we have developed and report here differs in terms of deadspace and response time from that originally described\[[@pone.0229300.ref011]\]. The washout analysis has also evolved, and now incorporates consideration of re-inspired tracer. In preparation for its use in a longitudinal clinical study, the aims of this study were to:

1.  Evaluate the range of LCI values seen in healthy subjects.

2.  Calculate the upper limits of normal for LCI using this device, and define the relationship between LCI and key demographic variables (subject height and weight/bmi, age and gender).

3.  Assess the feasibility of using the closed circuit device to perform measurements in a community setting.

Methods {#sec006}
=======

Study design and recruitment {#sec007}
----------------------------

This was an observational study of healthy subjects completing LCI assessment on a single occasion at three hospitals and two local schools (one primary school and one secondary school). The hospitals were: Wythenshawe Hospital, Manchester, UK (WH); Royal Manchester Children's Hospital (RMCH); and Royal Stoke University Hospital (RSUH). Adult subjects were only assessed at WH, whereas paediatric subjects were assessed at all three sites. Measurements were performed on one of three identically set up and calibrated Innocor gas analysers, using a closed circuit wash-in. These were mounted on battery-supplied medical carts to allow portable measurements within hospital (see [Fig 1](#pone.0229300.g001){ref-type="fig"}). The device used at RSUH was also transported in a protective case and taken to two local schools in Staffordshire to measure LCI in the community. There were three different teams responsible for LCI assessment (one covering RMCH and WH, one for RSUH, and one for community measurements), but all were trained and supervised by the same researcher to the same training standard.

![Innocor closed circuit MBW system, mounted on medical cart with on-board power supply for portable MBW measurements.](pone.0229300.g001){#pone.0229300.g001}

Subjects were recruited by advertisement in hospitals from amongst staff and patient relatives, from an outpatient fracture clinic (RSUH) and by contact through the schools. Subjects were over the age of 5 years, were non-smokers or ex-smokers of \>6months with less than 5 pack year smoking history, with no history of asthma or wheeze requiring any inhaler use in the last 12m. Additional exclusions included history of cardiac disease, pertussis, tuberculosis, or prematurity (\<34 weeks). All participants provided assent, and parents and adult volunteers provided signed informed consent. This study was approved by the Lancaster NHS Research Ethics Committee (study reference 14/NW/1195) and the Keele University Ethics Committee. Participants were recruited between December 2014 and November 2018.

Study assessment {#sec008}
----------------

Multiple breath washout was performed using a closed circuit Innocor^™^ system (PulmoTrace ApS, Glamsberg, Denmark), as previously described \[[@pone.0229300.ref021]\]. Participants wore a nose-clip and breathed through the apparatus using a mouthpiece. Wash-in was performed from a sealed bag filled with a mixture of room air and test gas (94% O~2~, 1% SF~6~ and 5% N~2~O) up to a total bag volume of 3L. Switching between air and bag was controlled by fast-operating pneumatic valves triggered at the end of expiration, under the direction of the operator. A carbon dioxide (CO~2~) scrubber was placed in sequence between the bag and patient, so that expired air was depleted of CO~2~ prior to re-inspiration. Initial bag volume was adjusted to be approximately equal to estimated FRC based on subject height, with test gas bolus of 30--40% total bag volume and balance room air. The bag volume and test gas bolus fraction could be increased if longer wash-in was required. At the start of wash-in, participants took 5--6 slow deep inhalations before returning to tidal breathing. Final washin concentration of expired SF~6~ was between approximately 0.1 and 0.4%, depending on the starting concentration in the bag and the ratio of bag volume to FRC. It is assumed that LCI is independent of these small changes in tracer gas concentration. Once equilibrium was reached (difference between inspired and expired SF~6~ concentrations \<1%, adjusted for CO~2~ removal), wash-in was continued for a further 30--60 seconds to ensure washin was complete, as previously described \[[@pone.0229300.ref022]\]. During wash-in, inspired CO~2~ and O~2~ concentrations were continuously monitored. Inspired CO~2~ was typically \<2% at end of wash-in, and inspired O~2~\>20%. At the end of wash-in, the participants were switched to room air and instructed to maintain tidal breathing. Washout was continued until the expired end-tidal SF~6~ concentration reached \<2.5% of the starting concentration. Expired gas was dispersed by use of a fan directed at the patient and exhalation port. There was no requirement for a delay between end of washout and start of next wash-in, and subjects started the next test as soon as they were able (this is a feature of all exogenous MBW systems). Distraction was provided in the form of a screen showing age-appropriate movies or TV shows. In the case of adults, visual feedback of inspiratory volumes was available to aid reproducibility of breathing patterns, and typically set at 10-15ml/kg. Both children and adults used identical patient interfaces and mouthpieces, with the only difference being that a smaller filter was used in children (subjects \<18yrs).

Subjects completed three washouts. If one or more tests were obviously compromised (e.g. evidence of leak), then additional tests were added. Detailed analysis and quality control were performed offline (see below). Following MBW testing, all adult volunteers and those children assessed at RMCH and WH also completed spirometry. This was not carried out in the school volunteers or at RSUH. Spirometry was performed using an Easyone handheld spirometer (NDD Medizintechnik AG, Zurich, Switzerland), according to ERS/ATS guidelines \[[@pone.0229300.ref023]\]. Normal ranges for spirometry were those from the Global Lung Initiative\[[@pone.0229300.ref024]\].

Washout analysis {#sec009}
----------------

The Innocor device provides measurements of LCI and FRC, which was used in real-time to check test repeatability, but for this study a separate offline washout analysis package was used, prepared in-house (software version 6, release date 11/11/16) in Igor Pro v6 (Wavemetrics Inc., Lake Oswego, OR, USA). This is based on the same washout analysis package already deployed in several other clinical studies and clinical trials \[[@pone.0229300.ref004], [@pone.0229300.ref014], [@pone.0229300.ref025]\]. In this latest version, the alignment of flow and gas concentrations (performed as a daily calibration step) were checked against those actually measured during washout, and were adjusted to match in the event of differences between alignments of \>10ms. Adjustment was also made for re-inspired SF~6~, and cumulative expired volume was adjusted to account for total equipment deadspace, as per consensus guidelines \[[@pone.0229300.ref001]\]. FRC is quoted as FRC at the airway opening and was adjusted for pre-gas sampling deadspace (total 62ml adults, 58ml children, differing only in the choice of filter), for re-inspired SF6, and for BTPS.

The final LCI and FRC measurements quoted are the average of at least two reproducible repeats, as measured using the offline software package described above. Repeats were excluded if there was evidence of leak, or in case of large differences seen in LCI or FRC measurements (\>25% from median) \[[@pone.0229300.ref001]\]. Washout test time was taken from the length of the washout file. This is the total time to complete all wash-in and washout tests, including any interval between tests, and analyser warm-up time (60 seconds). It does not include time taken to explain the test to the participants, or time taken to clean the apparatus between volunteers.

Statistical analysis {#sec010}
--------------------

Data were analysed using Prism (GraphPad Software Inc., San Diego, CA, USA) and R v3.0.2 (R Foundation for Statistical Computing, Vienna, Austria). Normal distribution was assessed using the Shapiro-Wilk normality test. Data are presented as mean (SD) or median (interquartile range \[IQR\]) unless otherwise stated. An upper limit of normal (ULN) corresponding to the 95th centile (i.e. mean +1.64 x standard deviation) was used as recommended by the Global Lung Function Initiative \[[@pone.0229300.ref024]\]. Repeatability of testing was defined by the within visit coefficient of variation of washout repeats (CoV), defined as the standard deviation divided by the mean. The final dataset contains LCI values derived from only two successful repeats, a scenario in which the CoV may not be appropriate\[[@pone.0229300.ref001]\]. Values for CoV are therefore given for both the entire dataset as well as separately for those with all three measurements. Average LCI in different populations were compared using t-tests or ANOVA (for more than two groups). For comparison of different centres, the paediatric populations measured at the two Manchester sites by the same team (WH and RMCH) were merged (here described as LCI RMCH). For non-parametric data, Mann-Whitney U test was used to compare groups. Bland-Altman was used to compare measured to predicted FRC, using separate reference equation for adult\[[@pone.0229300.ref026]\] and paediatric populations\[[@pone.0229300.ref027]\]. Univariate regressions were used to examine the relationship between LCI and key demographics (age, gender, height, weight and BMI). Multivariable regressions were considered in the event of significant univariate findings. Due to the discrepancy between the numbers of adults and children and also the lack of those aged over 40, sensitivity analyses were performed for individual subsets (aged \<18, aged≥18 and aged\<40). A p-value \<0.05 was considered to be statistically significant.

Results {#sec011}
=======

One hundred and seventy two subjects were recruited (82 males). The data from four subjects were not used due to equipment technical factors (n = 3) or clinical reasons (n = 1) and have not been analysed further. Of the remaining 168 subjects, 160 successfully completed LCI measurements (95%) and eight were excluded due to failure to produce measurements or poor repeatability. Demographic data are presented in [Table 1](#pone.0229300.t001){ref-type="table"}. Overall there were only 5 ex-smokers, average 0.4 pack years (maximum 4 pack years). Due to its small size, this group have not been analysed separately.

10.1371/journal.pone.0229300.t001

###### Summary demographics of the study population.

Data are shown on the left for all subjects, including those with unsuccessful measurements, and on the right for the population used to derive the normal range (those with successful measurements, aged 5-39yrs).

![](pone.0229300.t001){#pone.0229300.t001g}

  Study population                                  All included subjects            Subjects \<40yrs with valid LCI
  ------------------------------------------------- -------------------------------- ---------------------------------
  **Number of subjects**                            168                              153
  **Male: Female**                                  79:89                            72:81
  **Median Age (range) yrs**                        13 (5--59)                       13 (5-39yrs)
  *Median age (range*, *n) for ADULTS*              *29 (18--59)*, *n = 52*          
  *Median age (range*, *n) for CHILDREN*            *11 (5--18)*, *n = 116*          
  **Median BMI (IQR) (kg/m**~**2**~**)**            20.0 (17.2--23.1)                19.8 (17.1--22.8)
  **Median FEV**~**1**~ **z score (IQR) L/s**       -0.24 (-0.88 to 0.31) (n = 81)   -0.26 (-0.88 to 0.25) (n = 75)
  **Median FVC z score (IQR) L**                    -0.25 (-0.77 to 0.28)            -0.27 (-0.72 to 0.25)
  **Median FEF**~**25-75**~ **z score (IQR) L/s**   -0.32 (-0.81 to 0.52)            -0.30 (-0.81 to 0.42)
  **Mean FEV1/FVC (SD)**                            0.84 (0.06)                      0.85 (0.06)
  **Mean LCI (SD)**                                 6.13 (0.46) *(n = 160)*          6.10 (0.42) *(n = 153)*

FEV~1~: forced expiratory volume in 1 second; LCI: lung clearance index; SD: standard deviation, IQR: interquartile range, BMI: body mass index, FVC: forced vital capacity, FEF~25-75~: forced expiratory flow over 25--75% of expired volume.

Success of LCI measurements {#sec012}
---------------------------

The eight participants who were excluded because they were unable to generate usable data were all children, median (IQR) age 10.0 (7.5--12.5) yrs.

144 subjects (90%) achieved a completed assessment with three washout repeats, 15 subjects required 1--3 additional repeat measurements at the same sitting. In two cases, for logistic or technical reasons, a third repeat was omitted.

58 individual washout repeats (11.6% of the total) were subsequently excluded due to insufficient quality control or repeatability. In the final analysis, 37 (24%) of subjects LCI values were derived from two repeats and 117 (76%) from three repeats.

Median (IQR) CoV for all included LCI measurements was 3.4 (1.8--5.2)%, or 3.3 (1.9 to 4.9)% for those with three measurements. Median CoV for all FRC measurements was 4.3 (2.4--6.3)%, or 4.3 (2.5--6.4)% for those with three measurements.

Lung clearance index in healthy subjects {#sec013}
----------------------------------------

It was apparent from inspecting the data that LCI measurements in those aged over 40 years appeared to be more dispersed than in younger subjects. Although it seems likely that LCI may be higher and more varied in this older group, given the small number of subjects (n = 7) it is not possible make a confident statement regarding the LCI trend in those aged over 40 years. We therefore repeated the analysis, including only those aged under 40 years at the time of measurement. Mean (SD) for this cohort (n = 153) was 6.10 (0.42), making the upper limit of normal (ULN) 6.8 (see [Table 1](#pone.0229300.t001){ref-type="table"}).

Comparison of LCI between adults and children {#sec014}
---------------------------------------------

Linear regression models showed no relationship between age and LCI in either the full dataset or the subsets of children or adults (β = 0.004, -0.005 and 0.019 respectively) ([Fig 2](#pone.0229300.g002){ref-type="fig"}). Mean (SD) LCI in children (\<18yrs) was 6.13 (0.36), compared to an adult aged under 40 mean of 6.03 (0.53). Due to the wider SD in these adults, the ULN for children could be calculated as 6.72 compared to 6.90 in adults. However there are fewer subjects in the adult cohort (n = 46 vs 107), which may partially explain this difference. Given the minimal differences between the two calculations, and lack of age-related influence on mean LCI, we therefore propose 6.8 as the ULN for LCI (measured using this system) for all subjects aged between 5--39 years inclusive.

![Lung clearance index (LCI) measurements against age for healthy volunteers from the four centres.\
Central dotted line represents mean, with upper and lower limits of normal shown by upper and lower dotted lines respectively. RSUH: Royal Stoke University Hospital; RMCH: Royal Manchester Children's Hospital.](pone.0229300.g002){#pone.0229300.g002}

Effect of other demographic variables on LCI {#sec015}
--------------------------------------------

LCI was not significantly different between male and female subjects (mean difference = 0.074, 95% CI 0.071 to -0.219, p = 0.313) or between the paediatric measurements at the three different centres (p = 0.883). No relationship was found between LCI and height (β = -0.002, p = 0.427) across the entire population, [Fig 3](#pone.0229300.g003){ref-type="fig"}. This was also true if the adult and paediatric LCI populations were considered separately (β\<0.001, p = 0.961; β = -0.003, p = 0.182, respectively). Likewise there was no association between LCI and BMI in either the full dataset (β 0.005, p = 0.467) or for the adult or paediatric populations separately (S1 Table in [S1 Data](#pone.0229300.s001){ref-type="supplementary-material"}). Spirometry data were incomplete (n = 81), but there were no significant correlations identified between any spirometric index (FEV~1~ z score, FVC z score, FEF~25-75~ z score, FEV~1~/FVC) and LCI (all r^2^\<0.015, p\>0.28).

![Lung clearance index (LCI) measurements against subject height for healthy volunteers.\
The upper limit of normal LCI is shown as a dotted line. Paediatric subjects are indicated by round circles, and adult subjects by crosses. Male and female subjects are indicated by blue and red circles symbols respectively.](pone.0229300.g003){#pone.0229300.g003}

Functional residual capacity {#sec016}
----------------------------

The relationship between height and FRC is shown in [Fig 4](#pone.0229300.g004){ref-type="fig"}. As expected for a measure of lung volume, this increased exponentially with height from a minimum of 0.65L to a maximum of 4.76L (a 7 fold increase). FRC from washout was compared to predicted FRC\[[@pone.0229300.ref026], [@pone.0229300.ref027]\]. There was no significant difference between measured FRC from MBW and that derived from the prediction equations (median difference of 0.04L, p = 0.2). On Bland-Altman comparison, there was no evidence of consistent or size-related bias, with a mean (SD) difference of 0.06 (0.56) L, or 0.9% of predicted FRC, in favour of the prediction equations (see S1 Fig in [S1 Data](#pone.0229300.s001){ref-type="supplementary-material"}).

![Functional residual capacity (FRC) measurements against subject height for healthy volunteers.\
Male and female subjects are indicated by blue and red circles respectively.](pone.0229300.g004){#pone.0229300.g004}

Test time {#sec017}
---------

Median (IQR) overall test time was 18.7 (16.0--22.5) minutes. Test time was shorter in children, with a median time of 17.8 minutes, compared to 23.5 minutes in adults (p\<0.0001). There was a weak but statistically significant correlation of test time with age (r^2^ = 0.29, p\<0.0001) ([Fig 5](#pone.0229300.g005){ref-type="fig"}).

![Plot of total test time in minutes against age of subject (years).\
Test time includes the time taken to complete all washout repeats, including those subsequently excluded from lung clearance index analysis, as well as the interval between washout repeats.](pone.0229300.g005){#pone.0229300.g005}

Discussion {#sec018}
==========

This is the first time such a large cohort of healthy volunteer data has been described using SF~6~ with a closed circuit wash-in to achieve a more rapid and efficient test. These data will provide more accurate understanding of disease severity in clinical studies conducted using this method. The results highlight one of the strengths of LCI as an outcome measure using this method, as there is a stable range of normality across most of this age range. This is especially important for longitudinal paediatric studies, where large changes in lung volumes related to growth can make it difficult to identify disease-related change. With LCI, however, change over time can be confidently ascribed to disease processes or treatment effect. Finally, we have described for the first time the use of a genuinely portable system, operated by a single researcher in a community setting.

The range of normal described here is very similar to that for previous cohorts involving SF~6~ as the tracer gas. However the mean and upper limit of normal are both lower in this study compared to those described with the same tracer gas in comparable populations. These range from an upper limit of normal LCI of 7.5 \[[@pone.0229300.ref012]\] to 7.2 \[[@pone.0229300.ref028]\] using a mass spectrometer (both in subjects up to 18 years old), and 7.4 using an Innocor system with the open circuit wash-in in subjects up to 58 years \[[@pone.0229300.ref011]\]. The current washout system however has been updated from that used in the earlier study using an Innocor device \[[@pone.0229300.ref011]\]. In particular, the patient interface has now changed so that, whilst total deadspace remains similar, the post-capillary deadspace has increased to 4.5ml. The analysis therefore now adjusts for re-inspired SF~6~ volume, as well as adjusting the expired volumes for equipment deadspace (as recommended in guidelines that were not available when this earlier study was conducted) \[[@pone.0229300.ref001]\]. In addition, the method of signal alignment has been refined and standardised, so that the daily calibration is now checked against the alignment seen in washout and adjusted if this has not been correctly calculated. This method is significantly different from that previously described where the alignment was altered to artificially enhance the signal response time \[[@pone.0229300.ref011]\]. Thus, although the central methodology is unchanged, it is not unexpected that the final adjusted outputs, which align the analysis with the latest consensus guidelines, are slightly different from those described over 10 years earlier.

Unlike previous studies, we have also not seen a convincing change in LCI with age. There is an important caveat here however, namely that the number of subjects 40 years and older was very limited (n = 7). Previous studies have shown increases in LCI at either end of the age spectrum. Lum *et al*. described increased SF~6~-LCI in very young controls, possibly due to the effects of deadspace and posture, but these subjects were younger than the lower limit of the current study \[[@pone.0229300.ref012]\]. Using an SF6 washout system, Fuchs *et al*. also did not show any relationship between LCI and age up to 20 yrs\[[@pone.0229300.ref029]\]. On the other hand, lung elasticity declines with age, and this is associated with increases in FEV~1~/FVC, increased trapped gas (RV/TLC), and increases in a number of markers of ventilation heterogeneity including LCI\[[@pone.0229300.ref019]\]. Kjellberg *et al*. reported on nitrogen-LCI from 400 healthy adult controls up to the age of 71 years, measured using an Exhalyser D device \[[@pone.0229300.ref018]\]. Mean and ULN LCI were higher than that reported here and increased linearly with age from 17 years. More recently Anagnostopolou et al described nitrogen LCI from 180 children aged 6-18yrs \[[@pone.0229300.ref030]\]. Mean (SD) LCI was 7.04 (0.45). Although mean LCI increased with age (0.5 units over 12yrs), this was less than described by Kjellberg in older subjects \[[@pone.0229300.ref018]\] and, similar to our approach, the authors concluded that a fixed ULN was appropriate. Htun *et al*. and Verbanck et al have separately reported on nitrogen-LCI in similar populations using a different non-commercial nitrogen washout system \[[@pone.0229300.ref019], [@pone.0229300.ref031], [@pone.0229300.ref032]\]. The normal range for LCI in both cases was different, but in contrast to the Exhalyser D data, seemed to show relatively stable ULN for LCI below 40 years, with LCI only increasing above this age. Verbanck *et al*. in particular showed rapid increase in LCI above about the age of 50 years, associated with an increasing spread of values \[[@pone.0229300.ref032]\]. Our own data show that, at least for the younger patients, SF~6~-LCI is similar to nitrogen-LCI in having a stable ULN. We have few subjects above 40 years, but in this older age group the LCI data appear also to be more dispersed, with three measurements being above the group ULN. It seems likely that increasing ventilation heterogeneity is therefore a feature of ageing lungs, and a static ULN is unlikely to be applicable for older adults. It would therefore be sensible to view MBW results for the over 40 year olds with caution, and recommend that more work should be done in this age group.

In this study we have observed a wider spread of normal range data in adults, despite the mean LCI being almost identical between the two groups with no age-related dependence. The net effect of this small increase in data spread is to generate an ULN for LCI of 6.7 for children and 6.9 for adults. However, given the small differences between these values, and the smaller dataset in adults contributing to this spread, it is reasonable to propose a fixed ULN of 6.8 for the healthy subjects from 5-39yrs.

As expected, there was an exponential increase in lung volume (FRC) with height. Previously reported nitrogen-MBW systems have substantially over-estimated FRC *in vivo*\[[@pone.0229300.ref014], [@pone.0229300.ref017]\], despite convincing data on *in vitro* accuracy\[[@pone.0229300.ref033]\]. This error appears to be more pronounced in disease but has also been seen in healthy subjects\[[@pone.0229300.ref013]\]. The reasons for this are unclear, and may relate to the contribution of body nitrogen to the washout or to issues with specific analyser technologies\[[@pone.0229300.ref034], [@pone.0229300.ref035]\]. In this study however, we saw no consistent deviation in FRC values from those predicted, with a mean difference of only 0.06L from predicted FRC.

The other significant development described here is the use of LCI in a community setting. The use of a compact and robust analyser, combined with a gas source stored in small on-board cylinders, means that we were able to package the entire system into a transport case and take it directly into schools. This is important for community based assessments of MBW which could include measurements carried out in workplaces or family doctor surgeries. The small cylinders used in this study typically provide enough tracer gas for 5--10 sets of washout measurements (depending on subject size). The wash-in protocol deployed here allows for highly efficient wash-in within 2--3 minutes. Overall, the median time to complete all three tests was under 19 minutes, however this would likely be higher in populations with lung disease as more abnormal gas mixing would require a longer wash-in and washout \[[@pone.0229300.ref014]\]. Overall success rates were high, and that in children (93%) is higher than the success rate of 83% recently described in a multi-centre of four experienced LCI centres \[[@pone.0229300.ref030]\].

The data described here refer to the Innocor system and the use of SF~6~ as a tracer gas. They cannot be used to identify normal ranges in subjects performing a nitrogen washout. Commonly deployed nitrogen washout systems seem to generate much higher values of LCI and FRC than SF~6~ washouts \[[@pone.0229300.ref013], [@pone.0229300.ref014]\] due to differences in the behaviour of the tracer gases \[[@pone.0229300.ref013]\], the washout of body nitrogen during testing \[[@pone.0229300.ref035], [@pone.0229300.ref036]\], and the equipment itself\[[@pone.0229300.ref017]\]. The data analysis package was developed in-house, and is not the same as that shipped with the Innocor device. However it has been developed from that deployed in multiple previous studies\[[@pone.0229300.ref004], [@pone.0229300.ref037]\], including the CF gene therapy trial\[[@pone.0229300.ref025]\], and updated to incorporate consensus recommendations \[[@pone.0229300.ref001]\]. It has not been possible to compare LCI using our data analysis package with that of the Innocor system due to differences in flow-gas delay correction. All washouts in this dataset were reviewed and analysed by an experienced operator (AH).

In conclusion, we have described the first large scale use of the closed circuit washout method, in a sizeable cohort of healthy controls. We have established the baseline for normative LCI, and shown that this is stable across the age range 5--39 years. We have also shown that it is possible to take MBW measurements out of a clinical setting, and that these can be conducted efficiently and reproducibly even in a community setting such as a school.
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We would appreciate receiving your revised manuscript by Dec 15 2019 11:59PM. When you are ready to submit your revision, log on to <https://www.editorialmanager.com/pone/> and select the \'Submissions Needing Revision\' folder to locate your manuscript file.

If you would like to make changes to your financial disclosure, please include your updated statement in your cover letter.

To enhance the reproducibility of your results, we recommend that if applicable you deposit your laboratory protocols in protocols.io, where a protocol can be assigned its own identifier (DOI) such that it can be cited independently in the future. For instructions see: <http://journals.plos.org/plosone/s/submission-guidelines#loc-laboratory-protocols>

Please include the following items when submitting your revised manuscript:

A rebuttal letter that responds to each point raised by the academic editor and reviewer(s). This letter should be uploaded as separate file and labeled \'Response to Reviewers\'.A marked-up copy of your manuscript that highlights changes made to the original version. This file should be uploaded as separate file and labeled \'Revised Manuscript with Track Changes\'.An unmarked version of your revised paper without tracked changes. This file should be uploaded as separate file and labeled \'Manuscript\'.

Please note while forming your response, if your article is accepted, you may have the opportunity to make the peer review history publicly available. The record will include editor decision letters (with reviews) and your responses to reviewer comments. If eligible, we will contact you to opt in or out.

We look forward to receiving your revised manuscript.

Kind regards,

Sophie Yammine

Academic Editor

PLOS ONE

Journal Requirements:

When submitting your revision, we need you to address these additional requirements.

Please ensure that your manuscript meets PLOS ONE\'s style requirements, including those for file naming. The PLOS ONE style templates can be found at

<http://www.journals.plos.org/plosone/s/file?id=wjVg/PLOSOne_formatting_sample_main_body.pdf> and <http://www.journals.plos.org/plosone/s/file?id=ba62/PLOSOne_formatting_sample_title_authors_affiliations.pdf>

1\. Please clarify whether ethical approval was granted by University of Manchester with Lancaster Research Ethics Committee and please provide affiliation of the latter. Please also include in the Methods section participants recruitment dates.

2\. Thank you for including your competing interests statement; \"AH reports a collaboration agreement with Innovision ApS.

All other authors report no conflicts of interest.\"

Please confirm that this does not alter your adherence to all PLOS ONE policies on sharing data and materials, by including the following statement: \"This does not alter our adherence to  PLOS ONE policies on sharing data and materials." (as detailed online in our guide for authors <http://journals.plos.org/plosone/s/competing-interests>).  If there are restrictions on sharing of data and/or materials, please state these. Please note that we cannot proceed with consideration of your article until this information has been declared.

Please include your updated Competing Interests statement in your cover letter; we will change the online submission form on your behalf.

Please know it is PLOS ONE policy for corresponding authors to declare, on behalf of all authors, all potential competing interests for the purposes of transparency. PLOS defines a competing interest as anything that interferes with, or could reasonably be perceived as interfering with, the full and objective presentation, peer review, editorial decision-making, or publication of research or non-research articles submitted to one of the journals. Competing interests can be financial or non-financial, professional, or personal. Competing interests can arise in relationship to an organization or another person. Please follow this link to our website for more details on competing interests: <http://journals.plos.org/plosone/s/competing-interests>

3\. We note that you have indicated that data from this study are available upon request. PLOS only allows data to be available upon request if there are legal or ethical restrictions on sharing data publicly. For information on unacceptable data access restrictions, please see <http://journals.plos.org/plosone/s/data-availability#loc-unacceptable-data-access-restrictions>.

In your revised cover letter, please address the following prompts:

a\) If there are ethical or legal restrictions on sharing a de-identified data set, please explain them in detail (e.g., data contain potentially identifying or sensitive patient information) and who has imposed them (e.g., an ethics committee). Please also provide contact information for a data access committee, ethics committee, or other institutional body to which data requests may be sent.

b\) If there are no restrictions, please upload the minimal anonymized data set necessary to replicate your study findings as either Supporting Information files or to a stable, public repository and provide us with the relevant URLs, DOIs, or accession numbers. Please see <http://www.bmj.com/content/340/bmj.c181.long> for guidelines on how to de-identify and prepare clinical data for publication. For a list of acceptable repositories, please see <http://journals.plos.org/plosone/s/data-availability#loc-recommended-repositories>.

We will update your Data Availability statement on your behalf to reflect the information you provide.
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Reviewers\' comments:

Reviewer\'s Responses to Questions

**Comments to the Author**

1\. Is the manuscript technically sound, and do the data support the conclusions?

The manuscript must describe a technically sound piece of scientific research with data that supports the conclusions. Experiments must have been conducted rigorously, with appropriate controls, replication, and sample sizes. The conclusions must be drawn appropriately based on the data presented.

Reviewer \#1: Partly

Reviewer \#2: Yes

\*\*\*\*\*\*\*\*\*\*

2\. Has the statistical analysis been performed appropriately and rigorously?

Reviewer \#1: Yes

Reviewer \#2: I Don\'t Know

\*\*\*\*\*\*\*\*\*\*

3\. Have the authors made all data underlying the findings in their manuscript fully available?

The [PLOS Data policy](http://www.plosone.org/static/policies.action#sharing) requires authors to make all data underlying the findings described in their manuscript fully available without restriction, with rare exception (please refer to the Data Availability Statement in the manuscript PDF file). The data should be provided as part of the manuscript or its supporting information, or deposited to a public repository. For example, in addition to summary statistics, the data points behind means, medians and variance measures should be available. If there are restrictions on publicly sharing data---e.g. participant privacy or use of data from a third party---those must be specified.

Reviewer \#1: No

Reviewer \#2: Yes

\*\*\*\*\*\*\*\*\*\*

4\. Is the manuscript presented in an intelligible fashion and written in standard English?

PLOS ONE does not copyedit accepted manuscripts, so the language in submitted articles must be clear, correct, and unambiguous. Any typographical or grammatical errors should be corrected at revision, so please note any specific errors here.

Reviewer \#1: Yes

Reviewer \#2: Yes

\*\*\*\*\*\*\*\*\*\*

5\. Review Comments to the Author

Please use the space provided to explain your answers to the questions above. You may also include additional comments for the author, including concerns about dual publication, research ethics, or publication ethics. (Please upload your review as an attachment if it exceeds 20,000 characters)

Reviewer \#1: PONE-D-19-27084

LUNG CLEARANCE INDEX IN HEALTHY VOLUNTEERS, MEASURED USING A NOVEL PORTABLE SYSTEM WITH A CLOSED CIRCUIT WASH-IN

In this manuscript Horsley et al describe MBW measurements from a substantial cohort of healthy children and adults using closed-circuit methodology to reduce overall test-time with a portable SF6 based MBW system. The authors should be congratulated for their novel work to address lengthy MBW test-time and space limitation, both of which are significant practical barriers to integration of MBW into routine clinical practice.

To my knowledge this is the first time successful use of a portable MBW device in the community has been reported. Additionally the authors report shortened test time using a closed-circuit and deep breathing to achieve rapid wash in, which appears to be feasible and repeatable within a single test occasion across the healthy cohort.

My main concerns with this study relate to the evaluation and interpretation of normative data. The authors conclude that they have established "the baseline for normative LCI" and demonstrated a stable ULN in subjects between 5-40 years, which in my opinion is not fully supported by the data as presented.

My primary concerns relate to the following:

1\. ULN or Reference Data Set?

As written, the main message related to the description of this healthy data set is somewhat unclear. The title and the aims of the study suggest this is an evaluation of their healthy control group and derivation of an ULN ahead of a local longitudinal clinical study. However, a number of places throughout the manuscript, particularly in the discussion, imply that this data is generally applicable to "provide more accurate understanding of disease severity in clinical studies conducted using this method " (P. 10) and "establish the baseline for normative LCI". Please clarify whether this is intended to be the first step towards developing a reference data set for this gas/device or simply to report ULN in this healthy cohort.

2\. MBW results are device/software specific.

In addition to being gas specific, differences in hardware, test methodology, data acquisition, software settings, calculation of outcomes, and analysis algorithms etc. all have the potential to impact LCI. I strongly disagree that the data analysis software does not impact MBW outcomes generated as is currently stated in the discussion (P.13) Previous groups have shown that MBW outcomes are significantly impacted by software (Summermatter S, et al PLoS One 2015: 10: e0132250, Anagnostopoulou P, et al Pediatr Pulmonol 2015: 50: 970-977) used to calculate results. While the consensus guidelines provide some measure of guidance there are many device specific details that are equally impactful. Strongly suggest to clearly acknowledge these limitations and clearly state that these results are are device and data analysis software version specific.

Suggest the authors consider the following:

• P6 L154: Please clearly state whether the results reported in this manuscript were derived from the Innocor device or the separate offline analysis software.

• Is the offline analysis software commercial? Please include device software version and offline analysis software version in the methods.

• Has the device, in its current form, been validated as recommended in the MBW consensus guidelines (Robinson et al, ERJ 2013)?

• The authors have indicated that FRC is calculated to the airway opening but have not specified calculation of LCI, ie was CEV corrected for full dead space or just re-inspired tracer gas?

• How do the offline results compare to the device calculations of MBW outcomes?

3\. Is a single fixed ULN appropriate for the entire age range?

The authors aim to demonstrate that there is no linear relationship between LCI and age or height in the overall healthy cohort however, the data as presented do not clearly lead the reader to reach the same conclusions. There are some open questions that should first be addressed.

a\) The authors cite previously published work as reporting a stable ULN for LCI (SF6) in healthy children (Lum et al, Eur Respir J 2013: 41: 1371-1377), a statement which could be mis-interpreted by an unfamiliar reader. Lum and colleagues report an association of LCI with height that, while minimal from approximately age 6 (\~120cm), is present throughout childhood. They do suggest that a fixed ULN may be appropriate for cross-sectional analysis but caution against using a fixed upper limit for serial measurements at any age during childhood as LCI continues to change with development.

Additionally, technical and physiological factors, such as equipment specific mechanical dead space (Benseler A, Respirology 2015: 20: 459-466) and tidal volume (Yammine S, J Cyst Fibros 2014: 13: 190-197, Ratjen F, Plos One, ISSN 1932-6203, 07/2019, Volume 14, Issue 7) can dynamically influence LCI as the child grows. These effects will depend somewhat on the device and the specific population being tested and should be ruled out.

Suggest the authors consider the following:

• Separate evaluation of the pediatric data to determine whether there is an age/height dependency for LCI in the pediatric group. If association is found to be present, discuss the rationale for using a fixed ULN rather than prediction equations to express LCI as a z-score to account for growth in the setting of a longitudinal study. If the magnitude of the effect over the age range is small a fixed ULN may still be appropriate.

• Is the association between LCI and age/height/BMI different between adults and children?

• While mean LCI was not different between adults and children, suggest to confirm that the ULN is also unchanged.

• Have the authors considered the impact of equipment dead space on LCI? Particularly in children where recommended ratio of Vd to weight is no more than 2 ml/kg, total reported Vd here is 58ml making min weight 29 Kg.

b\) In the adult population, the authors report conflicting evidence of increase in LCI with age in previously published papers with adults 17 and older (Kjellberg et al, Htun et al. and Verbanck et al.) derived from MBW using N2 as tracer gas. The authors state they have not observed a convincing increase in LCI with age in the overall adult cohort (n= 52) but acknowledge that a fixed ULN is likely inappropriate for adults over 40 (n=6) which is supported by Fig 2.

• What was the rationale for choosing age 40 as the upper cut-off in this data set?

• If the authors feel that more data is required to evaluate LCI in older adults it would be prudent to confirm that the ULN is not different when subjects \>40 years are excluded.

• Given there are only 7 subjects over 40 years, and the authors suggest these data should be interpreted with caution, the first statement of the discussion may be somewhat over-stated.

Specific comments by section:

Introduction

• P3. L48: consider additional pediatric references

• P3. L55: define SF6

• P3. L60-63: test time can differ with population, i.e. longer with very young children, these are generalized statements suggest to remove specific times and just point out that Spirometry is generally much faster than MBW.

• P4. L69- 72 Please briefly elaborate on how closed circuit methodology achieves faster wash-in

Methods

Study Design and Recruitment

• P5L95: States " transported in a protective case and taken to two primary schools", previously stated primary and secondary school -- please clarify.

Study Assessment

Description of test procedure is unclear, suggest to edit for clarity (specific suggestions below)

• P6 L119: "Wash-in was performed from a sealed bag filled with a mixture of room air and test gas (94% O2, 1% SF6 and 5% N2O) up to a volume of 3L." please clarify that this is total volume.

• P6 L123: "Initial bag volume was adjusted to be approximately equal to estimated FRC, with test gas bolus of 30-40%." Please clarify that this refers to fraction of total bag volume.

• P6 L123: "These parameters could be increased if longer wash-in was required" Please clarify what parameters are referred to and why might they be adjusted?

• P6 L124: Why 5-6 deep breaths?

• P6 L125: "Once equilibrium was reached" What was absolute starting concentration?

• P6 L127: "...wash-in was continued for a further 30-60 seconds." Why?

• Did all subjects use the same testing interface? Subsequently refer to different filters used-please clarify.

• P6 L137: Please describe "... detailed analysis and quality control", what specific guidelines for quality control were used?

• P6 L132: "There was no requirement for a delay between end of washout and start of next wash-in, and subjects started the next test as soon as they were able." This is somewhat misleading - this is a consequence of using exogenous gas for MBW not specific to this device.

• P6 L134: "In the case of adults, visual feedback of inspiratory volumes was available to aid reproducibility of breathing patterns" What was target Vt?

Washout Analysis

• Please clarify that offline software was used to calculate MBW outcomes reported here.

• P6 L151-152: The authors state that FRC is corrected for dead space and reported at the airway opening, but that CEV is adjusted to account for re-inspired gas only, please clarify that LCI is therefore reported to the gas sampling point. Please confirm that FRC used in calculation of LCI was also calculated to gsp.

• P6 L154: Please elaborate on quality control criteria used and rationale for using reproducibility as acceptability requirement for LCI, including references as appropriate. To my knowledge repeatability of LCI is not necessarily a criteria for disregarding data.

Statistical Analysis

• How was correlation of LCI with anthropometric parameters assessed? Were any relationships between MBW outcomes and physiological factors considered? (Vt/FRC, Vd/Vt etc)

• P8 L165: Within test variability of LCI and FRC was calculated using CoV. Please provide equation. Is CoV appropriate metric when only 2 washout repeats?

• Did the authors assess whether there was any difference between ever/never smokers in adults?

RESULTS

The result as presented are somewhat difficult to follow, suggest to edit for clarity to avoid confusion.

• Suggest clearly separating test performance (\# tests/repeats attempted) from test success (\# tests acceptable after QC). Possibly a flow diagram might help

• P9 L185-189: Is the intention to report number of subjects who required additional (more than 3) attempts to achieve a successful test?

• Please indicate the proportion of tests with 2 vs 3 successful repeats after quality control

• Please comment on the use of repeatability of LCI/FRC as QC criteria as it relates to reporting within-test variability in the results.

• P9 L212: Please include rationale for not evaluating relationship between LCI and BMI and FEV1/FVC in children? Please indicate data not shown or direct the reader to the results.

Discussion

• P11 L233: The ULN reported here is similar but lower than any previously reported in the literature using the same gas type, does the rapid technique ensure complete wash-in?

• P12 L256: Please clarify that Kjellberg et al. reported LCI derived from nitrogen based MBW

• Please ensure that all data reported in the results are mentioned in the discussion, how do the authors interpret the FRC results? The relationship between LCI and BMI or FEV1/FVC? How should the FEV1/FVC results in adults be interpreted in context of the aging lung?

General Comments:

Suggest the authors revise the language to improve overall readability

Figures:

• please ensure consistent nomenclature

• adjust scale so all data points are clearly visible

Fig 3: suggest presenting different symbols for peds and adults

Tables:

Table 1\*\*Please ensure parameters reported in results are described in demographics\*\*

• Please include anthropometric data (ht, wt/BMI)

• Please clearly indicate age cut-off for adults and children and check that this is consistent throughout the manuscript see P.9 L192.

• Suggest to also include

o number of ever/never smokers

o FRC z-score

o FEV1/FRC

Reviewer \#2: Horsley and colleagues present an interesting study about multiple breath washout measurements in a healthy population using a portable device based on an established MBW setup. The study is straight forward and presented in a concise way. However, there is some statistical analysis missing, which would strengthen the results.

Please find my comments below:

1\. The introduction starts with a paragraph regarding LCI use, but the number of references is quite limited and not fully updated. It is important to include more references, especially recent ones, in order to catch the eye of the average reader.

2\. Introduction, line 56: Lum et al (ERJ 2013) showed also age-dependency of the LCI values, especially in infants and pre-schoolers, measuring with a mass-spectrometer using SF6.

3\. Line 60-63: Are these data based on a publication, or is it based on the authors' personal experience? This should be clearly stated.

4\. Line 63-66: Reference 16 refers to an inexperienced population of young CF patients. The authors state that CF children with experience in the test take 1-6 min to perform a single trial.

5\. Line 81: '...across a clinically-relevant age range': what does this mean? Are the ages 5-59 clinically relevant? And, if so, why subjects below 5, or older than 59 are not relevant?

6\. Line 123: Which parameters where used to estimate the FRC?

7\. Line 128: What was the maximum inspired CO2 concentration during the washin? Did it influence the breathing pattern? Did the subjects keep a tidal breathing pattern during the washin time?

8\. Did the authors perform any kind of power analysis? How did they come up with these numbers in children and adults? Was it in purpose to use less adults than children?

9\. Basic demographics (weight, height, BMI, etc) are missing from Table 1.

10\. Table 1: Which reference values were used for FEV1? The range is very high, and some FEV1 values seem to be very low. How do the authors comment on that, especially in a healthy cohort?

11\. How was the CoV calculated?

12\. In order to investigate the influence of demographics or other factors on the LCI, several studies have used more sophisticated statistical methods, like regression models. What are the effects of age, height, sex, etc on the LCI, using a regression analysis? What other factors could potentially influence this outcome?

13\. The overall time of the test duration, although interesting, does not give exact information about the expected duration of a single trial, especially in children, where intervals between trials can be larger. Is there any way to estimate the duration of a single trial?

14\. Although LCI is the primary outcome of the study, FRC calculation is critical for the estimation of the LCI. Apart from figure 4, there is no analysis showing effects of demographics and/or other factors on FRC. How do the authors discuss their findings in FRC in comparison to previous studies? Is the FRC critical for the duration of the test?

15\. It would worth to mention and compare the results with other studies reporting reference values for LCI, either with the same (e.g. Fuchs S and colleagues, Pediatric Pulmonology 2009) or with other tracer gases.

\*\*\*\*\*\*\*\*\*\*

6\. PLOS authors have the option to publish the peer review history of their article ([what does this mean?](https://journals.plos.org/plosone/s/editorial-and-peer-review-process#loc-peer-review-history)). If published, this will include your full peer review and any attached files.

If you choose "no", your identity will remain anonymous but your review may still be made public.

**Do you want your identity to be public for this peer review?** For information about this choice, including consent withdrawal, please see our [Privacy Policy](https://www.plos.org/privacy-policy).

Reviewer \#1: No

Reviewer \#2: No

\[NOTE: If reviewer comments were submitted as an attachment file, they will be attached to this email and accessible via the submission site. Please log into your account, locate the manuscript record, and check for the action link \"View Attachments\". If this link does not appear, there are no attachment files to be viewed.\]

While revising your submission, please upload your figure files to the Preflight Analysis and Conversion Engine (PACE) digital diagnostic tool, <https://pacev2.apexcovantage.com/>. PACE helps ensure that figures meet PLOS requirements. To use PACE, you must first register as a user. Registration is free. Then, login and navigate to the UPLOAD tab, where you will find detailed instructions on how to use the tool. If you encounter any issues or have any questions when using PACE, please email us at <figures@plos.org>. Please note that Supporting Information files do not need this step.

10.1371/journal.pone.0229300.r002

Author response to Decision Letter 0

16 Dec 2019

A detailed response to the editors and reviewers extensive comments has been uploaded separately as \"Response to reviewers\", as requested by the editor.

###### 

Submitted filename: Response to reviewers.docx

###### 

Click here for additional data file.

10.1371/journal.pone.0229300.r003

Decision Letter 1

Yammine

Sophie

Academic Editor

© 2020 Sophie Yammine

2020

Sophie Yammine

This is an open access article distributed under the terms of the

Creative Commons Attribution License

, which permits unrestricted use, distribution, and reproduction in any medium, provided the original author and source are credited.

15 Jan 2020

PONE-D-19-27084R1

Lung clearance index in healthy volunteers, measured using a novel portable system with a closed circuit wash-in

PLOS ONE

Dear Dr. Horsley,

Thank you for submitting your manuscript to PLOS ONE. After careful consideration, we feel that it has merit but does not fully meet PLOS ONE's publication criteria as it currently stands. Therefore, we invite you to submit a revised version of the manuscript that addresses the points raised during the review process.

The manuscript has gained in clarity and markedly improved, as stated by both reviewers. There remain some minor comments, two points of clarification about methodological aspects for reviewer 2, and for reviewer 1 regarding data presentation and analysis.

We would appreciate receiving your revised manuscript by Feb 29 2020 11:59PM. When you are ready to submit your revision, log on to <https://www.editorialmanager.com/pone/> and select the \'Submissions Needing Revision\' folder to locate your manuscript file.

If you would like to make changes to your financial disclosure, please include your updated statement in your cover letter.

To enhance the reproducibility of your results, we recommend that if applicable you deposit your laboratory protocols in protocols.io, where a protocol can be assigned its own identifier (DOI) such that it can be cited independently in the future. For instructions see: <http://journals.plos.org/plosone/s/submission-guidelines#loc-laboratory-protocols>

Please include the following items when submitting your revised manuscript:

A rebuttal letter that responds to each point raised by the academic editor and reviewer(s). This letter should be uploaded as separate file and labeled \'Response to Reviewers\'.A marked-up copy of your manuscript that highlights changes made to the original version. This file should be uploaded as separate file and labeled \'Revised Manuscript with Track Changes\'.An unmarked version of your revised paper without tracked changes. This file should be uploaded as separate file and labeled \'Manuscript\'.

Please note while forming your response, if your article is accepted, you may have the opportunity to make the peer review history publicly available. The record will include editor decision letters (with reviews) and your responses to reviewer comments. If eligible, we will contact you to opt in or out.

We look forward to receiving your revised manuscript.

Kind regards,

Sophie Yammine

Academic Editor

PLOS ONE
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Reviewers\' comments:

Reviewer\'s Responses to Questions

**Comments to the Author**

1\. If the authors have adequately addressed your comments raised in a previous round of review and you feel that this manuscript is now acceptable for publication, you may indicate that here to bypass the "Comments to the Author" section, enter your conflict of interest statement in the "Confidential to Editor" section, and submit your \"Accept\" recommendation.

Reviewer \#1: (No Response)

Reviewer \#2: (No Response)

\*\*\*\*\*\*\*\*\*\*

2\. Is the manuscript technically sound, and do the data support the conclusions?

The manuscript must describe a technically sound piece of scientific research with data that supports the conclusions. Experiments must have been conducted rigorously, with appropriate controls, replication, and sample sizes. The conclusions must be drawn appropriately based on the data presented.

Reviewer \#1: Yes

Reviewer \#2: Yes

\*\*\*\*\*\*\*\*\*\*

3\. Has the statistical analysis been performed appropriately and rigorously?

Reviewer \#1: Yes

Reviewer \#2: Yes

\*\*\*\*\*\*\*\*\*\*

4\. Have the authors made all data underlying the findings in their manuscript fully available?

The [PLOS Data policy](http://www.plosone.org/static/policies.action#sharing) requires authors to make all data underlying the findings described in their manuscript fully available without restriction, with rare exception (please refer to the Data Availability Statement in the manuscript PDF file). The data should be provided as part of the manuscript or its supporting information, or deposited to a public repository. For example, in addition to summary statistics, the data points behind means, medians and variance measures should be available. If there are restrictions on publicly sharing data---e.g. participant privacy or use of data from a third party---those must be specified.

Reviewer \#1: No

Reviewer \#2: Yes

\*\*\*\*\*\*\*\*\*\*

5\. Is the manuscript presented in an intelligible fashion and written in standard English?

PLOS ONE does not copyedit accepted manuscripts, so the language in submitted articles must be clear, correct, and unambiguous. Any typographical or grammatical errors should be corrected at revision, so please note any specific errors here.

Reviewer \#1: Yes

Reviewer \#2: Yes

\*\*\*\*\*\*\*\*\*\*

6\. Review Comments to the Author

Please use the space provided to explain your answers to the questions above. You may also include additional comments for the author, including concerns about dual publication, research ethics, or publication ethics. (Please upload your review as an attachment if it exceeds 20,000 characters)

Reviewer \#1: PONE-D-19-27084

LUNG CLEARANCE INDEX IN HEALTHY VOLUNTEERS, MEASURED USING A NOVEL PORTABLE SYSTEM WITH A CLOSED CIRCUIT WASH-IN

The authors have responded to reviewer comments and correspondingly revised the text to markedly improve the quality and clarity of this manuscript.

More thorough evaluation of their data has provided additional results to allow the reader to more fully appreciate the authors' interpretation of their normative data. The additional analyses and methodological details now included in this manuscript further allow the reader to better understand how measurements were collected, and how outcomes and results were derived, in order to independently judge how derived ULN may be generalizable to other data sets.

Minor corrections/questions:

1\. Reviewer Comment: P6 L125: "Once equilibrium was reached" What was absolute starting concentration?

Author Response:There was not a fixed starting concentration. This would depend on the bolus fraction, bag volume and lung volume. Equilibrium was established between end washin inspired gas and end washin

expired gas.

Reviewer Comment (R1): Please indicate that there was no fixed starting concentration. How much did starting concentration vary within a subject? Between subjects? Do the authors feel that this feature of the test may have impacted the results?

2\. Reviewer Comment: P6 L127: "...wash-in was continued for a further 30-60 seconds." Why?

Author Response:This was to ensure confidence in washin completion. Previously reported results have shown that it is possible to reach equilibrium very quickly with this method, but that in diseased lungs washin may

not be entirely complete. The method therefore requires to reach equilibrium and then continue

beyond this point.

Reviewer Comment (R1): Suggest to include rationale in text.

Reviewer \#2: The authors have adequately responded to the comments. However, there are still some parts of the manuscript that could be improved.

1\. In the abstract, the authors report the whole number of subjects with successful LCI measurements (age range 5-59) and later the mean and ULN LCI for the analysis cohort (5-39 years). For the average reader, this is confusing. I would suggest either to omit the age range for the whole number of subjects, or to transform the whole sentence in a way that it becomes clear which age range those reference values are applicable to.

2\. Line 122: It is important to mention in the manuscript that the estimated FRC is based on height.

3\. Table 1: The first column at table 1 refers to the whole number of participants (168) but not all of them had a successful MBW test. Thus, the mean LCI value does not apply to this number.

4\. Line 205: This statistical comparison is not entirely correct, as it compares a group of 8 subjects with a group of \>100 subjects, and it does not add anything to the results.

5\. Line 242: Spirometry data were incomplete. How did the authors treat those data? By imputation?

6\. Line 249: FRC measured vs predicted: Could the authors show the statistics? Is this difference significant?

7\. Line 323: The mean difference of 0.06 L is not very informative for a parameter that is age and height dependent, such as the FRC. Please use the percentage instead.

8\. Line 342: The impact of different analysis softwares on MBW results has been previously shown, as indicated in several studies, and mentioned previously by Reviewer 1. This statement is not in accordance with the response of the authors to the relevant comment.

9\. Age influence on LCI: There is a new multicentre study showing reference values for nitrogen LCI in children, where, although LCI increased with age, this increase per year was minimal, and practically negligible (Anagnostopoulou et al, Eur Respir J 2019). The authors could consider this report when discussing stable upper limits of normal for LCI in children.

10\. It should be included in the limitations of the study that the comparison with the Innocor analysis results was not feasible.

11\. A table with the results of the univariate analysis would be useful.

\*\*\*\*\*\*\*\*\*\*

7\. PLOS authors have the option to publish the peer review history of their article ([what does this mean?](https://journals.plos.org/plosone/s/editorial-and-peer-review-process#loc-peer-review-history)). If published, this will include your full peer review and any attached files.

If you choose "no", your identity will remain anonymous but your review may still be made public.

**Do you want your identity to be public for this peer review?** For information about this choice, including consent withdrawal, please see our [Privacy Policy](https://www.plos.org/privacy-policy).

Reviewer \#1: No

Reviewer \#2: No

\[NOTE: If reviewer comments were submitted as an attachment file, they will be attached to this email and accessible via the submission site. Please log into your account, locate the manuscript record, and check for the action link \"View Attachments\". If this link does not appear, there are no attachment files to be viewed.\]

While revising your submission, please upload your figure files to the Preflight Analysis and Conversion Engine (PACE) digital diagnostic tool, <https://pacev2.apexcovantage.com/>. PACE helps ensure that figures meet PLOS requirements. To use PACE, you must first register as a user. Registration is free. Then, login and navigate to the UPLOAD tab, where you will find detailed instructions on how to use the tool. If you encounter any issues or have any questions when using PACE, please email us at <figures@plos.org>. Please note that Supporting Information files do not need this step.

10.1371/journal.pone.0229300.r004

Author response to Decision Letter 1

31 Jan 2020

Dear Dr Yammine

Thank you again to the reviewers for their feedback on this manuscript.

We have uploaded a response to each of the reviewer comments, along with a revised manuscript. These were mostly minor corrections or deletions but, as requested, we have also provided some more data. We have placed this in an additional supplement for the interested reader.

We hope that these changes will prove satisfactory.

10.1371/journal.pone.0229300.r005

Decision Letter 2

Yammine

Sophie

Academic Editor

© 2020 Sophie Yammine

2020

Sophie Yammine

This is an open access article distributed under the terms of the

Creative Commons Attribution License

, which permits unrestricted use, distribution, and reproduction in any medium, provided the original author and source are credited.

4 Feb 2020

Lung clearance index in healthy volunteers, measured using a novel portable system with a closed circuit wash-in

PONE-D-19-27084R2

Dear Dr. Horsley,

We are pleased to inform you that your manuscript has been judged scientifically suitable for publication and will be formally accepted for publication once it complies with all outstanding technical requirements.

Within one week, you will receive an e-mail containing information on the amendments required prior to publication. When all required modifications have been addressed, you will receive a formal acceptance letter and your manuscript will proceed to our production department and be scheduled for publication.

Shortly after the formal acceptance letter is sent, an invoice for payment will follow. To ensure an efficient production and billing process, please log into Editorial Manager at <https://www.editorialmanager.com/pone/>, click the \"Update My Information\" link at the top of the page, and update your user information. If you have any billing related questions, please contact our Author Billing department directly at <authorbilling@plos.org>.

If your institution or institutions have a press office, please notify them about your upcoming paper to enable them to help maximize its impact. If they will be preparing press materials for this manuscript, you must inform our press team as soon as possible and no later than 48 hours after receiving the formal acceptance. Your manuscript will remain under strict press embargo until 2 pm Eastern Time on the date of publication. For more information, please contact <onepress@plos.org>.

With kind regards,

Sophie Yammine

Academic Editor

PLOS ONE

Additional Editor Comments (optional):

One minor Reviewer comment (nr 7 of Reviewer 2) was probably overlooked. I leave it up to you, to add the equivalent % of predicted FRC (p.15, line 325). 

10.1371/journal.pone.0229300.r006

Acceptance letter

Yammine

Sophie

Academic Editor

© 2020 Sophie Yammine

2020

Sophie Yammine

This is an open access article distributed under the terms of the

Creative Commons Attribution License

, which permits unrestricted use, distribution, and reproduction in any medium, provided the original author and source are credited.

13 Feb 2020

PONE-D-19-27084R2

Lung clearance index in healthy volunteers, measured using a novel portable system with a closed circuit wash-in

Dear Dr. Horsley:

I am pleased to inform you that your manuscript has been deemed suitable for publication in PLOS ONE. Congratulations! Your manuscript is now with our production department.

If your institution or institutions have a press office, please notify them about your upcoming paper at this point, to enable them to help maximize its impact. If they will be preparing press materials for this manuscript, please inform our press team within the next 48 hours. Your manuscript will remain under strict press embargo until 2 pm Eastern Time on the date of publication. For more information please contact <onepress@plos.org>.

For any other questions or concerns, please email <plosone@plos.org>.

Thank you for submitting your work to PLOS ONE.

With kind regards,

PLOS ONE Editorial Office Staff

on behalf of

Dr. Sophie Yammine

Academic Editor

PLOS ONE

[^1]: **Competing Interests:**AH reports a collaboration agreement with Innovision ApS. All other authors report no conflicts of interest. This does not alter our adherence to PLOS ONE policies on sharing data and materials.
